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Summary
 
We have established by differential display polymerase chain reaction of mRNA that interleu-
kin (IL)-18 is expressed by osteoblastic stromal cells. The stromal cell populations used for
comparison differed in their ability to promote osteoclast-like multinucleated cell (OCL) for-
mation. mRNA for IL-18 was found to be expressed in greater abundance in lines that were
unable to support OCL formation than in supportive cells. Recombinant IL-18 was found to
inhibit OCL formation in cocultures of osteoblasts and hemopoietic cells of spleen or bone
marrow origin. IL-18 inhibited OCL formation in the presence of osteoclastogenic agents in-
cluding 1
 
a
 
,25-dihydroxyvitamin D
 
3
 
, prostaglandin E
 
2
 
, parathyroid hormone, IL-1, and IL-11.
The inhibitory effect of IL-18 was limited to the early phase of the cocultures, which coincides
with proliferation of hemopoietic precursors. IL-18 has been reported to induce interferon-
 
g
 
(IFN-
 
g
 
) and granulocyte/macrophage colony-stimulating factor (GM–CSF) production in T
cells, and both agents also inhibit OCL formation in vitro. Neutralizing antibodies to GM–CSF
were able to rescue IL-18 inhibition of OCL formation, whereas neutralizing antibodies to
IFN-
 
g
 
 did not. In cocultures with osteoblasts and spleen cells from IFN-
 
g
 
 receptor type II–defi-
cient mice, IL-18 was found to inhibit OCL formation, indicating that IL-18 acted indepen-
dently of IFN-
 
g
 
 production: IFN-
 
g
 
 had no effect in these cocultures. Additionally, in cocul-
tures in which spleen cells were derived from receptor-deficient mice and osteoblasts were
from wild-type mice and vice versa, we identified that the target cells for IFN-
 
g
 
 inhibition of
OCL formation were the hemopoietic cells. The work provides evidence that IL-18 is ex-
pressed by osteoblasts and inhibits OCL formation via GM–CSF production and not via IFN-
 
g
 
production.
 
I
 
n the process of osteoclast formation, there is an absolute
requirement for cell to cell contact between osteoclastic
precursor cells of hemopoietic origin and bone marrow
stromal or osteoblastic cells to commit the hemopoietic cell
towards osteoclast development (1–3). The osteoclast is a
large multinucleated giant cell that contains between 2 and
100 nuclei per cell, expresses tartrate-resistant acid phos-
phatase (TRAP)
 
1
 
 activity and calcitonin receptors, has the
ability to form resorption pits on bone or dentine slices and
differs from macrophage polykaryons (4). We developed a
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 1
 
a
 
,25(OH)
 
2
 
 D
 
3
 
, 1
 
a
 
,25-dihydroxyvitamin
D
 
3
 
; 
 
a
 
GM–CSF, neutralizing antibody to GM–CSF; 
 
a
 
IFN-
 
g
 
, neutralizing
antibody to IFN-
 
g
 
; ddPCR, differential display PCR; GAPDH, glyceral-
dehyde-3-phosphate dehydrogenase; GM–CSF, granulocyte/macrophage
colony-stimulating factor; IFN-
 
g
 
 R
 
2
 
/
 
2
 
, IFN-
 
g
 
 receptor type II knock-
out; IGIF, interferon-
 
g
 
-inducing factor; OCL, osteoclast-like multinucle-
ated cells; PGE
 
2
 
, prostaglandin E
 
2
 
; PTH, parathyroid hormone; RT, reverse
transcription (or transcribed); TRAP, tartrate resistant acid phosphatase.
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coculture system of mouse hematopoietic and primary os-
teoblastic stromal cells with which to investigate osteoclast
development in vitro. In this coculture system, osteoclast-
like cells (OCL) are produced in response to a number of
systemic or local factors, including 1
 
a
 
,25-dihydroxyvita-
min D
 
3
 
 (1
 
a
 
,25(OH)
 
2
 
 D
 
3
 
), prostaglandin E
 
2
 
 (PGE
 
2
 
), par-
athyroid hormone (PTH), or the interleukins (IL-1, IL-6,
and IL-11) (1, 5–7). Generation of these OCLs requires
that the osteoblastic and hemopoietic cells are cultured on
the same surface (8). These cells are multinucleated and ex-
press the OCL characteristics of TRAP activity and calcito-
nin receptors, and have the capacity to resorb bone (8). In
short, they display the properties of mature bona fide os-
teoclasts. However, the production of such OCLs in cocul-
tures can be inhibited by a number of interleukins (e.g., IL-4,
IL-10, and IL-13) and IFN-
 
g
 
 and GM-CSF (9–17).
We previously reported that bone marrow–derived stro-
mal cell lines, MC3T3-G2/PA6 and ST2, had the capacity
to support OCL formation in cocultures with hemopoietic
cells (18). Recently, we established several bone marrow–
derived stromal cell lines from a transgenic mouse and im-
mortalized with a temperature-sensitive variant of the
SV40 large T antigen; these cell lines differ in their OCL-
inductive ability (19, 20). To identify osteoblastic genes
that are involved in the process of osteoclastogenesis, we
have used differential display PCR (ddPCR) (21) to com-
pare the mRNA populations between OCL-inductive and
noninductive cell lines. Using this approach, we identified
a recently discovered cytokine, IL-18 (IFN-
 
g
 
–inducing
factor) (22, 23), as a product of osteoblastic stromal cells.
Using recombinant IL-18 we showed that it inhibits OCL
formation, and we investigated its mode of action.
 
Materials and Methods
 
Animals, Cell Lines, and Drugs.
 
Newborn (0–1-d-old) C57BL/6J
mice and 6–9-wk-old male C57BL/6J mice were purchased from
Monash University Animal Services Centre (Clayton, Australia).
We thank Professor M. Auget (Swiss Institute for Experimental
Cancer Research, Switzerland) and Dr. P. Tipping (Monash Medical
Centre, Australia) for access to the IFN-
 
g
 
 type II receptor knock-
out mice (IFN-
 
g
 
 R
 
2
 
/
 
2
 
) (24). The murine stromal cell lines, tsJ2,
tsJ10, and tsJ14, were generated by transfection with a retroviral
vector expressing a temperature-sensitive variant of the immortal-
izing gene of SV40 (tsA58; 19, 20). 1
 
a
 
,25(OH)
 
2
 
 D
 
3
 
 was pur-
chased from Wako Pure Chemical Co. (Osaka, Japan). PGE
 
2
 
 was
obtained from Sigma Chem. Co. (St. Louis, MO). Recombinant
mouse IL-18 and rabbit polyclonal antibodies to mouse IL-18 were
prepared as described (22). Recombinant mouse IFN-
 
g
 
 was a gift
from Dr. J.A. Hamilton (Department of Medicine, Royal Mel-
bourne Hospital, Australia). Recombinant mouse IL-1
 
b
 
, mouse
GM–CSF, and anti-mouse GM–CSF polyclonal antibody were
purchased from R&D Systems (Minneapolis, MN). Recombi-
nant human IL-11 was obtained from Dr. T. Willson (Walter and
Eliza Hall Institute, Australia). Other chemicals and reagents were
of analytical grade.
 
Coculture System.
 
Osteoblastic cells were prepared from the
calvaria of newborn mice by digestion with 0.1% collagenase
(Worthington Biochemical Co., Freefold, Australia) and 0.2% dis-
pase (Godo Shusei, Tokyo, Japan). Bone marrow and spleen cells
were obtained from adult and from newborn mice, respectively
(6). Osteoblastic cells were cocultured with bone marrow or spleen
cells as described (6, 25, 26). In short, primary osteoblastic cells (2 
 
3
 
10
 
4
 
 per well) and nucleated spleen cells (1 
 
3
 
 10
 
6
 
 per well) or
marrow cells (5 
 
3
 
 10
 
5
 
 per well) were cocultured in 48-well plates
(Corning Glass Inc., Corning, NY) with 0.4 ml of 
 
a
 
-MEM
(GIBCO BRL, Gaithersburg, MD) containing 10% fetal bovine
serum (Cytosystems, Castle Hill, New South Wales, Australia) in
the presence of test chemicals. Cultures were incubated in quad-
ruplicate and cells were replenished on day 3 with fresh medium.
OCL formation was evaluated after culturing for 6 to 7 d. Adher-
ent cells were fixed and stained for TRAP, and the number of
TRAP-positive OCLs was scored as described (6). For TRAP
staining, adherent cells were fixed with 4% formaldehyde in PBS
for 3 min. After treatment with ethanol/acetone (50:50 vol/vol)
for 1 min, the well surface was air dried and incubated for 10 min
at room temperature in an acetate buffer (0.1 M sodium acetate,
pH 5.0) containing 0.01% naphthol AS-MX phosphate (Sigma) as
a substrate and 0.03% red violet LB salt (Sigma) as a stain for the
reaction product in the presence of 50 mM sodium tartrate. TRAP-
positive cells appeared dark red. The expression of calcitonin re-
ceptors was also assessed by autoradiography using [
 
125
 
I]salmon calci-
tonin as described (25).
 
Differential Display PCR.
 
Total cellular RNA was extracted
from cell lines or mouse tissues using guanidine thiocyanate–phe-
nol chloroform and used for reverse transcriptase PCR (RT-
PCR) essentially as described (27, 28). Differential display PCR
(ddPCR) was performed essentially as described (21, 28), except
1 
 
m
 
g of total RNA was reverse transcribed. PCR products were
cloned into pCRScript II (Stratagene, La Jolla, CA) or pGEM-T
(Promega, Madison, WI). DNA sequence analysis was performed
using a T7 sequencing
 
TM
 
 kit (Pharmacia Biotech, Uppsala, Swe-
den). Oligonucleotides were synthesized on an Oligo 1,000M
DNA Synthesizer (Beckman Instruments, Inc., Fullerton, CA). The
oligonucleotides were the following: for ddPCR, DDMR-2
(5
 
9
 
-CTTGATTGCC-3
 
9
 
) and T
 
12
 
VA (5
 
9
 
-TTTTTTTTTTTT
[A,C,G]A-3
 
9
 
); for IL-18 amplification, IL-18-1 (sense strand
oligonucleotide 5
 
9
 
-ACTGTACAACCGCAGTAATACGG-3
 
9
 
,
nucleotides 286–308 Fig. 1 
 
B
 
) and IL-18-2 (antisense strand oli-
gonucleotide 5
 
9
 
-GGGTATTCTGTTATGGAAATACAGG-3
 
9
 
,
nucleotides 804–828; Fig. 1 
 
B
 
), and IL-18-3 (sense strand oligo-
nucleotide 5
 
9
 
-TTGCCAAAAGGAAGATGATG-3
 
9
 
, nucleotides
641–660; Fig. 1 
 
B
 
) served as internal oligonucleotide probe for
hybridization studies as described (27, 28); mouse glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) primers were GAPDH-1,
GAPDH-2 (5
 
9
 
-ATGAGGTCCACCACCCTGTT-3
 
9
 
, nucleotides
640–659; 29), and GAPDH-4 as described (30).
 
Results
 
Identification of IL-18 mRNA.
 
To identify stromal cell
genes potentially involved in osteoclastogenesis, we have
used differential display of eukaryotic mRNA (ddPCR) (21)
to identify genes differentially expressed between osteoclas-
togenic supportive and nonsupportive stromal cell lines. The
stromal cell lines were established after immortalization with
large T antigen (19, 20) and were stable in their phenotype.
The cell lines tsJ2 and tsJ10 could support OCL formation
after  hydrocortisone (10
 
2
 
6
 
 M) or PGE
 
2
 
 (10
 
2
 
7 
 
M) and
1
 
a
 
,25(OH)
 
2
 
 D
 
3
 
 (10
 
2
 
8
 
 M) treatment. However, in the ab-
sence of hydrocortisone or PGE
 
2
 
 and 1
 
a
 
,25(OH)
 
2
 
 D
 
3
 
, the
tsJ2 and tsJ10 cell lines were unable to support OCL forma- 
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tion. In contrast, the tsJ14 cell line was unable to support
osteoclast formation even in the presence of hydrocortisone
or PGE
 
2
 
 and 1
 
a
 
,25(OH)
 
2
 
 D3.
RNA was extracted from OCL-inductive lines (tsJ10
treated with hydrocortisone and tsJ2 treated with PGE2 and
1a,25(OH)2 D 3) and from the OCL-noninductive cells
(tsJ14 treated with hydrocortisone or with PGE2 and
1a,25(OH)2 D3) and subjected to ddPCR analysis. Using
an array of anchored 39 primers (T12VA, T12VC, T12VG, or
T12VT; where V 5 A, C, and G) and defined 10-mer
primers (which act as 59 primers), several mRNA species
appeared to be expressed in a manner consistent with either
an OCL-inductive or inhibitory phenotype (see Fig. 1 A).
Using the anchored 39 primer (T12VA) and the 59 primer
DDMR-2, a mRNA species was found to be upregulated
in OCL-inductive cells (tsJ10 cells treated with hydrocorti-
sone and tsJ2 cells treated with PGE2 and 1a,25 OH)2 D3;
Fig. 1 A, lanes 1 and 3; arrowed at right) with respect to the
OCL-noninductive cells (tsJ14 cells treated with hydrocor-
tisone or PGE2 and 1a,25(OH)2 D3; Fig. 1 A, lanes 2 and
4); this mRNA was unique, sharing no identity with se-
quences in the GenBankTM database, and is currently being
analyzed. This primer pair also amplified a mRNA species,
which was upregulated in OCL-nonsupportive cells (tsJ14
treated with hydrocortisone; Fig. 1 A, lane 2) compared with
OCL-supportive cells (tsJ10 cells treated with hydrocorti-
sone; Fig. 1 A, lane 1). This band of 195 bp was extracted,
cloned, and sequenced and was identified as mouse IFN-
g–inducing factor (IL-18) (22, 23). The RT-PCR–generated
fragment was derived from the 39 end of the mRNA for
IL-18, indicating that the anchored PCR primer had
primed near the poly(A) tail (Fig. 1 B). Additionally, the
degenerate 10-mer 59 primer DDMR-2 only differed by
one nucleotide from that of the IL-18 cDNA sequence
(Fig. 1 B, at nucleotide 640, A versus C, respectively). The
band designated by IL-18 in Fig. 1 A appeared to be en-
hanced by PGE2 and 1a,25(OH)2 D3 as indicated by the
amount of amplified product resulting from PCR of RNA
from cells treated with these agents (Fig. 1 A, lanes 3 and 4);
however, this was complicated by coamplification of an-
other mRNA species under these treatment conditions. Thus,
the designated band corresponding to amplified IL-18 cDNA
in Fig. 1 A was composed of at least two distinct mRNA
species.
To confirm differential expression of IL-18 mRNA in
cell lines that were OCL-inductive rather than noninduc-
tive, semiquantitative RT-PCR using IL-18–specific oli-
gonucleotides (IL-18-1 and IL-18-2) was undertaken and
the PCR product was confirmed by an internal specific oli-
gonucleotide for IL-18 (IL-18-3) (Fig. 1 C). IL-18 mRNA
levels were found to be higher in the OCL-noninductive
cells (Fig. 1 C, lanes 2 and 4) than the inductive cells (Fig.
Figure 1. Identification of
IL-18. (A) An example of a
ddPCR gel. Lanes correspond to
RNA from the different sources:
(lane  1) hydrocortisone-treated
tsJ10 cells, (lane 2) hydrocorti-
sone-treated tsJ14 cells, (lane 3)
1a,25(OH)2 D 3 - and PGE2-
treated tsJ2 cells, and (lane 4)
1a,25(OH)2 D 3 - and PGE2-
treated tsJ14 cells. The PCR frag-
ment identified as IL-18 is indi-
cated by the arrow on the left.
Indicated by the arrow on the
right is a PCR fragment corre-
sponding to a hitherto uncharac-
terized mRNA species, which is
expressed in greater abundance
in the OCL-supportive cell lines.
The osteoclast-supporting activ-
ity (OSA) of these cell lines is
indicated below the gel: plus
(supportive) or minus (nonsup-
portive). (B) Nucleotide sequence
of mouse IL-18 (GenBankTM ac-
cession number D49949). The
region corresponding to the dif-
ferentially expressed PCR fragment isolated from (A) is between nucleotides 636–830. Sequences underlined correspond to oligonucleotides specific to
IL-18 used for RT-PCR analysis and detection of RT-PCR products (IL-18-1, IL-18-3, and IL-18-2 from 59 to 39). Nucleotides in capitals corrrespond
to the coding region of IL-18, whereas those in lower case correspond to the 59 and 39 untranslated sequences. (C) Semiquantitative RT-PCR analysis of
IL-18 mRNA. PCR products for RNA isolated from different sources was reversed transcribed with oligo (dT) and PCR performed with the primers
IL-18-1 and IL-18-2 for 23 cycles, which was in the log-linear range of amplification. Lanes correspond to RNA from (1) hydrocortisone-treated tsJ10
cells, (2) hydrocortisone-treated tsJ14 cells, (3) 1a,25(OH)2 D3- and PGE2-treated tsJ2 cells, and (4) 1a,25(OH)2 D3- and PGE2-treated tsJ14 cells. Re-
sultant PCR products were electrophoresed, transferred to a nylon membrane, and hybridized with a g-32P–labeled internal detection oligonuleotide for
IL-18 (IL-18-3). Similar amplifications for GAPDH with GAPDH-2 and GAPDH-4 for 20 cycles were performed and products detected with g-32P–labeled
GAPDH-1 as previously described (30). The osteoclast-supporting activity (OSA) of these cell lines is indicated below the gel: plus (supportive) or minus
(nonsupportive).1008 Mechanism of IL-18 Inhibition of Osteoclast Formation
1 C, lanes 1 and 3). Quantitation by phosphorimager anal-
ysis revealed that IL-18 levels were three- and sevenfold
higher in the OCL-noninductive cells (Fig. 1 C, lanes 2
and 4, respectively) than the OCL-inductive cells (Fig. 1 C,
lanes 1 and 3). Additionally, semiquantitive RT-PCR es-
tablished that IL-18 mRNA was expressed in a variety of
tissues including brain, heart, liver, lung, spleen, and skele-
tal muscle (data not shown).
IL-18 Inhibits Osteoclast Formation In Vitro. IL-18 was origi-
nally identified because of its effect on IFN-g production,
and hence it was originally called interferon-g–inducing
factor (IGIF) (22). The name was subsequently changed to
IL-18 (23). Because IFN-g is a potent inhibitor of osteo-
clastogenesis (10, 13, 14, 31), and IL-18 mRNA levels were
elevated in cells with an OCL-noninductive phenotype, we
sought to identify whether IL-18 affects osteoclastogenesis
via IFN-g production. We examined TRAP-positive OCL
formation in cocultures of mouse bone marrow and osteo-
blastic cells. OCLs were formed in cocultures where PGE2
and 1a,25(OH)2 D3 were added; without at least one of these
agents, no OCLs were formed (Fig. 2 A). Autoradiographic
study using labeled calcitonin revealed that TRAP-positive
multinucleated and mononuclear cells formed in these co-
cultures possessed calcitonin receptors (data not shown). Re-
combinant mouse IL-18 dose-dependently inhibited OCL
formation, giving maximal inhibition at 8 ng/ml (Fig. 2 A);
this dose response to IL-18 is very similar to that in other
biological systems (22). Recombinant mouse IFN-g dose-
dependently inhibited OCL formation with maximal inhi-
bition at 50 U/ml (Fig. 2 B), confirming previous observa-
tions in mouse bone marrow cultures (10). In subsequent
experiments, IL-18 was used at 10 ng/ml and IFN-g at 50
U/ml. OCL formation can be enhanced by a number of
agents that act through different second messenger systems
(e.g., vitamin D receptor, cAMP, and gp130) (1). To ex-
amine whether the inhibitory actions of IL-18 on OCL
formation was stimulator specific or whether it acted as a
general inhibitor, IL-18 was added to cocultures with the
osteoclastogenic agents 1a,25(OH)2 D 3, PGE2, PTH, or
IL-11. IL-18 or IFN-g inhibited OCL formation induced
by each of these agents of osteoclastogenesis (Fig. 3).
IL-18 Inhibits the Early Stage of OCL Formation. Next, we
addressed the action of IL-18 and IFN-g on the process of
OCL formation. Treatment of cocultures revealed that the
inhibitory actions of IL-18 on OCL formation occurred
during the first 3 d of coculture (proliferating period),
whereas IL-18 had no effect during the last 3 d of coculture
(Fig. 4). In contrast, although IFN-g inhibited OCL forma-
tion over the entire coculture period (days 0–6), it inhibited
OCL formation by 50% during both the proliferating pe-
riod (days 0–3) and the differentiation phase (days 3–6)
(Fig. 4). These results suggested a fundamental difference
between the inhibitory effects of IL-18 and IFN-g, although
potential stimulation of IFN-g production by IL-18 could
not be excluded by these experiments alone.
IL-18 Acts by Inhibitory Mechanism Distinct from IFN-g.
Next, we sought to distinguish the inhibitory mechanisms
of IL-18 and IFN-g by using neutralizing antibodies to ei-
ther IL-18 or IFN-g in coculture experiments. We initially
titrated the two antibodies (a-IL-18 antibody or a-IFN-g
antibody) and determined the concentration at which each
Figure 2. OCL formation in cocultures of mouse bone marrow and
osteoblastic cells in the presence of IL-18 (A) or IFN-g (B). Mouse bone
marrow and primary osteoblastic cells were cocultured with 1a,25(OH)2
D3 (1028 M) and PGE2 (1027 M) in the presence of increasing concentra-
tions of IL-18 (A) or IFN-g (B). For negative and positive controls, co-
cultures were performed in the absence and presence of 1a,25(OH)2 D3
and PGE2, respectively. After culture for 7 d, TRAP-positive OCLs were
counted. Data are expressed as the means 6 SEM of quadruplicate cul-
tures, and are representative of three similar experiments.
Figure 3. Effect of IL-18 (10 ng/ml) on OCL formation in cocultures
of mouse bone marrow and osteoblastic cells in the presence of
1a,25(OH)2 D3 (1028 M), PGE2 (1027 M), PTH (200 ng/ml), IL-11 (20
ng/ml), and IL-1 (100 ng/ml). After culture for 7 d, TRAP-positive
OCLs were counted. Data are expressed as the means 6 SEM of quadru-
plicate cultures and are representative of three similar experiments.1009 Udagawa et al.
antibody could rescue either IL-18–induced inhibition of
OCL formation (for a-IL-18 antibody) or IFN-g–induced
inhibition of OCL formation (for a-IFN-g antibody). A
polyclonal neutralizing IL-18 antibody (at 30 mg/ml) res-
cued IL-18 inhibition of OCL formation (Fig. 5 A), how-
ever, this antibody (at 30 mg/ml) did not rescue the IFN-g
inhibition of OCL formation (Fig. 5 A). Because IFN-g was
speculated to be a downstream effector molecule of IL-18,
we did not expect the neutralizing IL-18 antibody to res-
cue IFN-g inhibition of OCL formation. The monoclonal
IFN-g neutralizing antibody at very low concentration (1
ng/ml) rescued IFN-g inhibitory effects, whereas even at
2,000-fold excess of the IFN-g rescuing concentration (20
mg/ml) it did not protect against IL-18 inhibition of OCL
formation (Fig. 5 B). The inability of the IFN-g–neutraliz-
ing antibody to rescue OCL formation after IL-18 treat-
ment further suggested that IL-18 was not acting through
IFN-g. Finally, we made use of IFN-g R2/2) mice (24).
Cocultures of osteoblastic cells and spleen cells derived from
the IFN-g R2/2 mouse were treated with either IL-18 or
IFN-g. IFN-g, as expected, was unable to elicit an inhibi-
tion of OCL formation in these cocultures due to the ab-
sence of its cognate receptor on any cells (Fig. 6). In con-
trast, IL-18 inhibited OCL formation in these cocultures in
a dose-dependent manner with a maximal effect at 10 ng/ml
(Fig. 6), which is similar to normal mice cocultures as de-
scribed above (see Fig. 2 A). This served as definitive proof
that IL-18, although capable of inducing IFN-g (a known
inhibitor of OCL formation), mediated its inhibitory action
on OCLs via an IFN-g–independent mechanism.
IFN-g Effects on OCL Formation in Cocultures from IFN-g
R2/2 Mouse. The IFN-g R 2 / 2 mouse also provided a
unique opportunity to address which cells in the cocultures
were sensitive to the actions of IFN-g. We performed co-
cultures using osteoblastic cells from the IFN-g R2/2mouse
with spleen cells from a normal C57BL/6J mouse and the
reciprocal experiment, that is, osteoblastic cells from a nor-
mal mouse with spleen cells from the IFN-g R2/2 mouse,
and treated these cocultures with IL-18 or IFN-g (Fig. 7).
As expected, IL-18 inhibited OCL formation under both
culture regimes. However, IFN-g inhibited OCL forma-
tion when cocultures were performed with normal spleen
cells and osteoblasts from IFN-g R2/2 mice, but did not
inhibit OCL formation in cocultures using normal osteo-
blasts with spleen cells from IFN-g R2/2 mice. These re-
sults indicated that IFN-g acts specifically on osteoclastic
precursors in spleen cells to inhibit osteoclast formation and
not via the osteoblastic/stromal cells.
IL-18 Inhibits OCL Formation Via GM–CSF. In addi-
tion to enhancing IFN-g production, IL-18 has been shown
to induce GM–CSF production in mitogen-stimulated pe-
ripheral blood mononuclear cells (23). Like IFN-g, GM–
CSF is a potent inhibitor of osteoclast formation in the
mouse system (16, 26, 32–34), suggesting that GM–CSF
may also be a candidate molecule involved in the IL-18 in-
Figure 4. Effect of IL-18 and IFN-g on OCL formation in cocultures
of mouse bone marrow and osteoblastic cells during the coculture period
in the absence and presence of 1a,25(OH)2 D3 (1028 M) and PGE2 (1027
M). IL-18 (10 ng/ml) and IFN-g (50 U/ml) were present over the entire
culture period (days 0–6) or during the first 3 d (0–3) or the last 3 d (3–6).
Media change occurred at day 3 of the culture. After culture for 6 d,
TRAP-positive OCLs were counted. Data are expressed as the means 6
SEM of quadruplicate cultures. This experiment was repeated on two fur-
ther occasions with similar results.
Figure 5. Effect of neutralizing antibodies against IL-18 or IFN-g in
rescuing OCL formation in cocultures of mouse bone marrow and osteo-
blastic cells treated with IL-18 or IFN-g. Cocultures were incubated in
the presence or absence of IL-18 (10 ng/ml) and IFN-g (50 U/ml) and
the effect of antibodies against IL-18 (A) or IFN-g (B) were determined.
For negative and positive controls, cocultures were performed in the ab-
sence and presence of 1a,25(OH)2 D3 (1028 M) and PGE2 (1027 M), re-
spectively. After culture for 7 d, TRAP-positive OCLs were counted.
Data are expressed as the means 6 SEM of quadruplicate cultures. This
experiment was repeated twice.1010 Mechanism of IL-18 Inhibition of Osteoclast Formation
hibition of OCL formation. Recombinant mouse GM–
CSF (0.1 ng/ml) was found to inhibit OCL formation in
this coculture system (Fig. 8). Thus, we examined whether
a neutralizing antibody to GM–CSF could rescue the in-
hibitory effect of IL-18 on OCL formation. The polyclonal
antibody (at 10 mg/ml) alone had no effect on OCL forma-
tion, but did indeed rescue OCL formation from the inhib-
itory actions of GM–CSF and those of IL-18 (Fig. 8). More-
over, the concentration of this antibody (0.1–1.0 mg/ml) to
rescue OCL formation as a result of GM–CSF or IL-18 in-
hibition was similar. The neutralizing antibody to GM–
CSF (10 mg/ml) was unable to rescue the IFN-g inhibition
of OCL formation (Fig. 8). This result, combined with the
previous experiments, indicates that IL-18 most likely in-
hibits OCL formation by increasing the production of
GM–CSF, a known inhibitor of OCL formation, and not
via IFN-g.
Discussion
In this report, we establish that a recently discovered
cytokine, IL-18, can inhibit OCL formation in mouse coc-
ultures. Elevated expression of mRNA for IL-18 was ob-
served in stromal cell lines that were unable to support OCL
formation, and recombinant IL-18 was a potent inhibitor of
OCL formation in vitro. The discovery of IL-18 resulted
from its ability to induce IFN-g production by T cells (22).
Although IFN-g is known to inhibit osteoclast formation
in vitro (4), the present experiments exclude IFN-g as an
intermediate in the inhibitory effect of IL-18 on osteoclast
formation, for a number of reasons.
First, antibodies against IFN-g failed to rescue IL-18 in-
hibition of OCL formation in cocultures, although they
were able to prevent the effect of IFN-g itself. Second, in
our experiments with cells from type II IFN-g R2/2 mice,
IL-18 still manifested its inhibitory action on osteoclast for-
mation. Furthermore, an effect of IL-18 had no effect on
the production of macrophages in vitro (Udagawa, N., and
J.A. Hamilton, unpublished data), nor did IL-18 influence
bone resorption by freshly isolated osteoclasts (Holloway,
W., and M.T. Gillespie, unpublished data). These latter
two sets of observations contrast with the effects of IFN-g,
which promotes the proliferation of macrophages in vitro
(35) and inhibits resorption by freshly isolated osteoclasts (36).
Figure 6. OCL formation in cocultures of spleen cells and osteoblastic
cells derived from IFN-g receptor type II knockout (IFN-g R2/2) mice.
IL-18 (10 ng/ml) or IFN-g (50 U/ml) were present over the entire cul-
ture period. For negative and positive controls, cocultures were per-
formed in the absence and presence of 1a,25(OH)2 D 3 (1028 M) and
PGE2 (1027 M), respectively. After culture for 7 d, TRAP-positive OCLs
were counted. Data are expressed as the means 6 SEM of quadruplicate
cultures. This experiment was repeated twice.
Figure 7. OCL formation in cocultures of normal C57/BL6 mouse-
derived spleen cells with osteoblastic cells derived from IFN-g R2/2 mice
and cocultures of normal C57BL/J6 mouse-derived osteoblastic cells with
spleen cells derived from IFN-g R2/2 mice. Cocultures were performed
in the presence of 1a,25(OH)2 D 3 (1028 M) and PGE2 (1027 M) and
treated with IL-18 (10 ng/ml) or IFN-g (50 U/ml). For negative and posi-
tive controls, cocultures were performed in the absence and presence of
1a,25(OH)2 D 3 and PGE2, respectively. After culture for 7 d, TRAP-
positive OCLs were counted. Data are expressed as the means 6 SEM of
quadruplicate cultures. This experiment was repeated twice.
Figure 8. Effect of neutralizing antibodies against GM–CSF to rescue
OCL formation in cocultures of mouse bone marrow and osteoblastic
cells treated with GM–CSF (0.1 ng/ml), IL-18 (10 ng/ml), or IFN-g (50
U/ml). Cocultures were incubated in the presence or absence of GM–
CSF, IL-18, or IFN-g and the effect of neutralizing antibodies to GM–
CSF (1 mg/ml) were determined. For negative and positive controls, co-
cultures were performed in the absence and presence of 1a,25(OH)2 D3
(1028 M) and PGE2 (1027 M), respectively. After culture for 7 d, TRAP-
positive OCLs were counted. Data are expressed as the means 6 SEM of
quadruplicate cultures. Similar results were obtained with three repeat ex-
periments.1011 Udagawa et al.
Finally, our finding that IFN-g submaximally inhibited OCL
formation during both the proliferative (days 0–3) and the
maturation (days 3–6) phases of the coculture indicated that
the inhibitory actions of IL-18 on OCL formation do not
involve IFN-g as an intermediate.
On the other hand, these results indicate that GM–CSF
might be a molecular intermediate in the inhibitory effect
of IL-18 on osteoclastogenesis. This arises from the fact that
a neutralizing antibody against GM–CSF was able to pre-
vent IL-18 inhibition of OCL formation. Furthermore, the
finding that the effect of IL-18 in our experiments was on
the early phase of the cocultures, in which proliferation of
hemopoietic precursors is the dominant process, is entirely
consistent with GM–CSF involvement. Conflicting reports
exist for the action of GM–CSF on the production of os-
teoclasts in vitro. In human bone marrow cultures, GM–
CSF stimulated the formation of multinucleated cells (37),
whereas in mouse marrow cultures GM–CSF inhibited OCL
formation (16, 26, 32–34). Our results in the cocultures are
in accordance with the latter.
IL-18 shares substantial identity with IL-1, including the
IL-1 signature-like sequence (F-X(12)-F-X-S-X(6)-F-L; 23)
and secondary structure (38). These properties suggested
that IL-18 may be functionally similar to the IL-1 family of
cytokines. Thus, it was foreseeable that IL-18 may bind to
the IL-1 receptor and could potentially inhibit OCL for-
mation in a manner akin to the IL-1 receptor antagonist (39).
Indeed, the suggestion was made that IGIF (22) should be
called IL-1g (39). However, attempts to displace IL-18 in-
hibition of OCL formation with excess of IL-1b were un-
successful, indicating that either IL-18 binds to a receptor
distinct from that for IL-1 or that it has a higher affinity for
the IL-1 receptor than IL-1b. The identity of the IL-18 re-
ceptor remains to be established.
The finding that IL-18 mRNA was elevated in OCL-
noninductive stromal cells, and that IL-18 could inhibit
OCL formation, implies that IL-18, and by inference GM–
CSF, participates in local control of osteoclastogenesis.
Thus, the regulation of IL-18 and GM–CSF expression in
the bone microenvironment by circulating hormones or by
other local factors may function to limit the generation of
osteoclasts.
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